Abstract Angiogenesis is a critical step for the tumor therapy. Many angiogenic factors are involved in the tumor angiogenesis. In the course of our screening for inhibitors of angiogenin secretion, one of angiogenic factors, we have isolated a new terrein glucoside (1) and terrein (2) from the fermentation broth of fungal strain Aspergillus sp. PF1381. The structure and absolute stereochemistry of 1 was determined to be (4S,5R)-5-[(a -D-glucopyranosyl)oxy]-4-hydroxy-3-(E-1-propenyl)-2-cyclopenten-1-one on the basis of spectral and enzymatic analyses. Compounds 1 and 2 equally inhibited angiogenin secretion from androgendependent prostate cancer cells, LNCaP-CR, with IC 50 values of 13 mM. However, both compounds did not affect VEGF secretion, another angiogenic factor. Furthermore, both compounds inhibited tube formation of human umbilical vein endothelial cells (HUVEC). These results suggested that 1 and 2 act as angiogenesis inhibitors through the inhibition of angiogenin secretion.
Introduction
Angiogenesis is considered as a key process for tumor growth, invasion and metastasis [1] . Most tumors persist for years without any angiogenic activity at the dormant stage [2, 3] . However, tumor growth can be associated with neo-angiogenesis from pre-existing blood vessels [1] . Tumor cells synthesize and secrete several angiogenic factors and control angiogenesis via paracrine regulation of endothelial cells. Several tumor cells are known to secrete vascular endothelial growth factor (VEGF), basic-fibroblast growth factor (bFGF) and IGF-I and to stimulate tumor angiogenesis [4] . They also produce inflammatory angiogenic molecules such as COX-2, nitric oxide synthase (NOS) and IL-8 and influence neo-angiogenesis [5] . Therefore, inhibition of actions of these angiogenic factors could result in suppression of tumor growth through disruption of the tumor angiogenesis. It is reported that silibinin prevent prostate cancer by inhibiting expression and secretion of VEGF [6] . Epigallocatechin-3-gallate is also shown to suppress tumor growth through abrogation of VEGF and bFGF signaling [7] .
Angiogenin was first isolated from the conditioned medium of human colon adenocarcinoma HT-29 cells [8] . The protein is a 123-amino acid polypeptide with a molecular mass of 14.1 kDa and known to be an angiogenic factor [9] . Angiogenin expression is upregulated in a variety of tumor cells and its concentration in plasma is elevated in many types of cancer patients [10ϳ13] . We previously established a highly tumorigenic human androgen receptor-positive prostate cancer cell, LNCaP-CR (cytokine resistance) cell line, having inflammatory cytokine resistance [14] . Furthermore, we have recently reported that LNCaP-CR cell line overexpresses angiogenin and that knockdown of angiogenin expression by transfecting angiogenin small interfering RNA into LNCaP-CR inhibits the tumor growth of LNCaP-CR cells in SCID mice [15] . These findings suggest that inhibition of angiogenin action could result in suppression of tumor growth. To identify a new anti-angiogenic agent, we screened for inhibitors of angiogenin secretion from LNCaP-CR cells among microbial metabolites. During our continuous screening for inhibitors of angiogenin secretion, we isolated a new terrein analog, terrein-a-D-glucoside (1), and terrein (2) from the fermentation broth of fungal strain Aspergillus sp. PF1381. Here, we report the isolation, structure determination, and biological activity of 1.
Materials and Methods

Materials
Human cancer cell lines, PC-3 and HeLa, human umbilical vein endothelial cells (HUVEC) and human dermal fibroblast (DF) were obtained from Dainippon Pharmaceuticals (Osaka, Japan). DMEM was obtained from Nissui Seiyaku Co. (Tokyo, Japan), and MCDB-131 medium was obtained from Kurorera Kogyo Co. (Tokyo, Japan). Fetal bovine serum was obtained from ICN Biochemicals (Aurora, OH, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was purchased from Sigma-Aldrich (St Louis, MO, USA). Glucose C2 reagents kit (mutarotase-GOD method) was purchased from Wako Pure Chemical Industries, Ltd (Osaka, Japan).
Analytical Measurement
Melting points were obtained on a Yanagimoto micro melting point apparatus. Optical rotations were measured on a JASCO P-1030 polarimeter. UV spectra were recorded on a Hitachi 228 A spectrometer.
1 H-and 13 C-NMR spectra were measured on a JEOL JNM A400 spectrometer using TMS as an internal standard. HRESI-MS spectra were measured with a JEOL JMS-T100LC spectrometer.
Fermentation of Fungal Strain PF1381
Fungal strain Aspergillus sp. PF1381 was isolated from a soil sample collected in Hachijo Island, Tokyo, Japan. A slant culture of fungal strain Aspergillus sp. PF1381 was used to inoculate 100-ml Erlenmeyer flasks. Each contained 20 ml of a seed medium consisting of 2.0% soluble starch, 1.0% glucose, 0.2% soybean meal, 0.6% wheat germ, 0.5% polypeptone, 0.3% yeast extract, 0.2% CaCO 3 in deionized water adjusted to pH 7.0 with NaOH solution prior to sterilization. The flasks were incubated at 25°C for 72 hours on a rotary shaker at 220 rpm. Portions of 5.0 ml of this seed culture were transferred into ten 500-ml Erlenmeyer flasks, each of which contained 2.5% soybean meal and water-absorbed rice 100 g as solid production medium. The flasks were thoroughly stirred and then statically cultured at 25°C for 14 days. After incubation, 1 kg portion of the obtained culture was extracted with 2.0 liters of 67% aq Me 2 CO.
Determination of Glucose Configuration
The presence of D-glucose in 1 was examined by mutarotase-glucose oxidase method by Miwa and Okuda using glucose C2 reagents kit [16] . By using this kit, only D-glucose was proven to react and afford a red pigment at concentrations of 0ϳ5 mM in a dose-dependent manner. On the other hand, L-glucose did not react even in the concentration at 5.0 mM. Additionally, 1 and 2 in H 2 O as control showed no effect on this assay. Compound 1 (0.5 mg) in 1 N HCl (0.5 ml) was heated at 80°C for 6 hours. After the reaction mixture was neutralized with 1 N NaOH, the resulting solution was applied on the assay method to afford a red pigment.
Cell Culture
LNCaP-CR (1ϫ10 5 /ml), PC-3 (1ϫ10 5 /ml), HeLa (1ϫ10 5 /ml) and DF (5ϫ10 4 /ml) were plated in a 96-well dish (Nunc) and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and penicillin/streptomycin. HUVEC (1ϫ10 5 /ml) were cultured in MCDB-131 medium supplemented with 10% FBS in a 96 well culture dish coated with gelatin. The cells were cultured for 48 hours with or without test compounds for the cytotoxicity, and the conditioned medium was applied to ELISA assay.
Determination of Angiogenin and VEGF
Angiogenin levels in culture supernatants were measured using quantitative ELISA assay. ELISA plates were coated with anti-human angiogenin monoclonal antibody (0.5 mg/ml, 1 : 1000, R&D Systems, Minneapolis, MN, USA) at 4°C over night and blocked with 0.1% BSA and 5.0% sucrose in PBS for 1 hour. The conditioned medium (50 m l) was transferred to the well, and the plates were incubated at room temperature for 2 hours, and then washed with 0.05% Tween 20 in PBS four times, and incubated with 50 m l of a biotinylated anti-human angiogenin antibody (1.0 mg/ml, 1 : 1000, R&D Systems, Inc., USA) per well at room temperature for 2 hours. The plates were washed four times with 0.05% Tween 20 in PBS and incubated with horseradish peroxidase avidin D (1 : 2000) at room temperature for 20 minutes. After washing six times with 0.05% Tween 20 in PBS, 100 ml of TMB microwell peroxidase substrate (KPL, Gaithersburg MD, USA) was added into the well. After 10 minutes, stop solution (50 ml of 1.0 N H 2 SO 4 ) was added into the well, the absorbance of each well was measured at 450 nm. A standard curve was constructed to quantitate the angiogenin concentrations in the controls and samples. VEGF level in culture supernatants was determined using human VEGF ELISA (Pierce Endogen, Rockford, IL, USA) according to the manufacturer's protocol.
Cytotoxicity Assay
In vitro cytotoxicity was assessed with MTT assay. The cells were seeded at 1ϫ10 4 or 5ϫ10 3 per well in 96-well plates. The cells were cultured for 48 hours with or without test samples. Ten ml of MTT (5.0 mg/ml in PBS) was added to each well and the plates were incubated for 4 hours. The resulting formazan products were dissolved with 20% SDS containing 10 mM HCl and the absorbance at a wavelength of 570 nm was measured on a micro plate reader.
Analysis of Angiogenic Cytokines
Human angiogenesis cytokines were detected by a multi human angiogenesis cytokine antibody array (RayBiotech, Norcross, GA, USA) according to the manufacturer's method.
Endothelial Tube Like Formation Assay
A co-culture system of HUVEC and DF was used to evaluate the effect of test compounds on endothelial tube formation. For detection of tube formation, we assessed immunostaining using an anti-human CD 31 antibody at day 11 after VEGF treatment (Angiogenesis Kit, Kurabo, Osaka, Japan). HUVEC and DF were cultured in the presence of 1, 2, or suramin (50 mM) as a positive control of anti-angiogenic inhibitor. The culture medium was changed to a fresh medium containing VEGF (10 ng/ml) and test compounds (0.3, 1.3, 6.5, 32.5 mM) at day 3, 7 and 9 to stimulate the formation of blood-vessel-like structure. In the control groups, cells were cultured with a medium only or a medium containing VEGF through the experimental periods. At day 11, cells were fixed and immunostained with an anti-CD31/PECAM-1 antibody for endothelial cells. We analyzed the quantity of tube formation using KURABO Angiogenesis Image Analyzer (Kurabo, Osaka, Japan).
Results and Discussion
Isolation Procedure for 1 and 2 The 1 kg culture broth of fungal strain Aspergillus sp. PF1381 was extracted with 2.0 liters of 67% aq Me 2 CO. The filtrate of the extracts was concentrated in vacuo to remove Me 2 CO. The aqueous solution (600 ml, pH 7) was applied on an HP-20 column. After washing the column with H 2 O, active ingredients were eluted with 25% MeOH.
Fractions containing 1 and 2 were concentrated in vacuo to afford 630 mg of dried materials. The materials (approx. 100 mg) were applied on a reversed-phase HPLC column (Inertsil ODS-3, 20ϫ250 mm, 6.0 ml/minute) and eluted with 10% CH 3 CN to afford 1 and 2. We repeated the HPLC purification 6 times to obtain 6.3 mg of 1 and 321.6 mg of 2, respectively. Table 1 .
Physico-chemical Properties
Structure Determination
The molecular formula of 1 was determined to be C 14 H 20 O 8 by HRESI-MS and 13 C-NMR information ( Table 2 ). The 13 C-NMR spectrum (CD 3 OD) exhibited 14 discrete carbon signals, which were classified into one methyl, one methylene, ten methines including three sp 2 and seven sp 3 methines, one sp 2 quaternary carbon and one carbonyl carbon by the analysis of DEPT spectra. The general features of its UV and NMR spectra resembled those of 2 except for addition of five oxy-methines and one oxymethylene in the NMR spectra indicating 1 to be a glycoside of 2. The similar coupling constants and chemical shifts except for C-5 carbon due to glycosylation suggested that the relative configuration of aglycone moiety in 1 should be identical to 2. The sugar moiety was deduced to be a glucose based on the large vicinal coupling constants (Jϭ9.5 Hz) between 2Ј-H and 3Ј-H, between 3Ј-H and 4Ј-H, between 4Ј-H and 5Ј-H, respectively. A small coupling constant between 1Ј-H and 2Ј-H (Jϭ3.5 Hz) indicates that the glucosidic linkage to be a. The absolute configuration of glucose moiety was examined by mutarotase-glucose oxidase method [16] , in which Dglucose selectively reacts and forms a red pigment. After acid hydrolysis of 1, the reaction mixture formed a red pigment when using the assay method indicating 1 to be a D-glucoside. Additionally, positive rotation value of resulting aglycone indicated the same absolute configuration to a natural product, (ϩ)-terrein. Thus, the absolute structure of 1 was elucidated to be (4S,5R)-5-[(a-
cyclopenten-1-one as shown in Fig. 1 . We obtained 1 and 2 from the same broth, but 2 was not considered to be an artificial by-product of the degradation of 1, because 1 was stable under the isolation conditions and we could obtain 2 only by severe hydrolysis of 1.
Effect of 1 and 2 on Angiogenin Secretion from Prostate
Cancer Cell Line, LNCaP-CR Terrein (2) was first isolated as a metabolite of Aspergillus terreus in 1935 [18] and was produced by other species of Aspergillus and Penicillium [19] . However, the biological effects of 2 have been almost unknown. Recently, 2 was reported to inhibit the melanogenesis [20] and the epidermal proliferation of skin equivalents [21] . Although whether 2 affects the angiogenesis-related factors has been unknown before, we have shown here that 1 and 2 inhibited angiogenin secretion from LNCaP-CR cells with IC 50 values of 13 mM, respectively (Table 3) .
To investigate whether 1 and 2 inhibit angiogenin secretion specifically, we used an angiogenesis-related antibody membrane array. Our results showed that 1 specifically reduced angiogenin secretion from LNCaP-CR cells among 19 angiogenesis-related cytokines (Fig. 2) . Compound 2 also specifically reduced angiogenin secretion (data not shown). Growth inhibitory activities of 1 and 2 against human tumor cell lines and human normal cell lines were assessed. As shown in Table 4 , these compounds showed weak growth inhibitory activity against LNCaP-CR cells compared with other human cancer cell lines and normal cell lines. Furthermore, as shown in Figs. 2 and 3 , compounds 1 and 2 did not inhibit VEGF secretion. Therefore it is not considered that 1 and 2 inhibit angiogenin secretion merely by their cytotoxic actions.
Effect of 1 and 2 on Tube Formation of HUVEC
We next investigated whether 1 and 2 could inhibit angiogenesis. It is known that angiogenin is secreted from human cancer cells and human normal cells [10] . Endogenous angiogenin in endothelial cells is related to cell proliferation and angiogenesis [22] . HUVEC cultured in serum-free medium do not divide spontaneously but can be induced to proliferate by adding angiogenin or other angiogenic factors [22] . We actually detected 156Ϯ38 pg/ml/10 5 cells of angiogenin by ELISA in the conditioned medium from HUVEC after 48-hour culture. As shown in Tables 3 and 4 , compounds 1 and 2 inhibited angiogenin secretion from HUVEC, and showed 50% inhibitory activity at 20 m M and 30 m M, respectively, without significant inhibitory effect on the growth of HUVEC.
We assessed anti-tube formation activity of 1 and 2 using the in vitro angiogenesis model of HUVEC/DF co-culture system. In this model, we confirmed that the conditioned medium from HUVEC/DF co-culture system showed significant angiogenin secretion (Fig. 4C) . To evaluate the effect of 1 and 2 on tube formation clearly, co-culture medium was supplemented with VEGF (10 ng/ml) for 11 days. However, VEGF did not induce the upregulation of angiogenin secretion in this co-culture system (Fig. 4C) . As shown in Fig. 4A , the tube formation of HUVEC was evaluated using an ani-CD31 antibody at day 11. 4A and B). Furthermore, as shown in Fig. 4C , these compounds inhibited angiogenin secretion from the HUVEC/DF co-culture at day 7. Therefore, these compounds are considered to inhibit angiogenesis of HUVEC through the inhibition of angiogenin secretion.
In conclusion, our results showed that we identified a new terrein glucoside (1) and terrein (2) as inhibitors of angiogenin secretion for anti-tumor and anti-angiogenesis therapy. These compounds also exhibited the inhibition of blood-vessel-like tube formation of HUVEC in vitro. This study suggests that inhibitors of angiogenin secretion have a potential effect of anti-angiogenesis. Five fields were examined for each experiment, and data were shown as the means of three independent experiments with SD. The inhibitory effects of the compounds were evaluated using the value in the presence of only VEGF as 100%. (C) To evaluate the angiogenin secretion from HUVEC/DF conditioned medium at day 7, the amounts of angiogenin were determined by ELISA. Test compounds were used at 13 mM.
